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ABSTRACT: The purpose of this study is to investigate the
ability of doxorubicin (DOX)-loaded d-α-tocopheryl poly-
ethylene glycol 2000 succinate (TPGS 2K) micelles to
overcome MDR in breast cancer treatment. The DOX-loaded
TPGS 2K micelles exhibited an average size of around 23 nm,
a near neutral zeta potential of around 4 mv and high
encapsulation efficiency (85.22 ± 1.89%). The TPGS 2K
conjugate did not have significant influences on the reduction
of mitochondrial membrane potential (MMP) and the
depletion of intracellular ATP level of MCF-7/ADR cells but
had an evident effect on the inhibition of Verapamil-induced
P-gp ATPase activity. In vitro cell culture experiments
demonstrated the DOX-loaded TPGS 2K micelles, resulting
in higher cellular uptake and more significant cytotoxicity effect against MCF-7/MDR cells than the free DOX solution.
Additionally, the in vivo imaging study revealed DiR-loaded TPGS 2K micelles distributed selectively in MCF-7/ADR tumor-
bearing nude mice and had a sufficient residence time. In the anticancer efficacy test with MCF-7/ADR tumor bearing nude
mice, the DOX-loaded TPGS 2K micelles displayed significantly higher antitumor activity compared with free DOX solution at
the same DOX dosage but less toxicity evaluated by the change of body weight and histological examination. Therefore, this drug
delivery micellar system based on TPGS 2K conjugates can serve as a potential nanomedicine for reversing MDR.
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1. INTRODUCTION

The emergence of multidrug resistance (MDR) is a major
obstacle in cancer chemotherapy. In past years, various
mechanisms of MDR have been reported, including increased
drug efflux due to a superfamily of ATP binding cassette (ABC)
proteins, metabolic modification and detoxification, activation
of DNA repair, alteration in drug-induced apoptosis owing to
the change of the Bcl-2 pathway, the sequestration of drugs
within cytoplasmic vesicles, and existence of cancer stem
cells.1−3 Among these mechanisms, the overexpression of drug
efflux pumps, especially for P-glycoprotein (P-gp), is one of the
major causes of MDR and most extensively studied.4,5 A
number of ABC transporter inhibitors have been used to
resensitize MDR cells in preclinical and clinical studies.
Unfortunately, the results of these on clinical trials were not
so satisfactory due to limited therapeutic performance,
unacceptable systemic toxicity, and so on.6,7

Polymeric micelles systems have attracted great interest in
recent years for surmounting the MDR of tumors by
circumventing P-gp-mediated efflux. Amphiphilic polymers

can self-assemble in aqueous solution to generate shell−core
nanostructured micelles. Such shell−core structures could
improve solubility of poor water-soluble drugs and stabilize
the drugs within the hydrophilic corona. The micellar drug
formulations have the ability to prolong drug circulation time,
improve cell- or tissue-specific targeting, and decrease systemic
side effects.8−12 A number of natural and synthetic biomaterials
have been used to prepare nanocarriers to enhance cellular
accumulation of anticancer drugs to reverse MDR. Unfortu-
nately, some intracellular drug molecules could still be pumped
out by efflux proteins because the common polymeric
nanomaterials themselves have no obvious effect on inhibiting
the efflux pump.13,14 Therefore, the selected polymer nanoma-
terials could serve as inert carriers as well as biological response
modifiers (such as effects on cell respiration and ATPase
activity of drug efflux transporters).15 Some nonionic
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surfactants (such as d-α-tocopheryl polyethylene glycol 1000
succinate (TPGS) and Pluronic block copolymers) showed the
ability to reverse MDR.16−18 A series of nanoformulations
based on nonionic surfactants have been designed to deliver
anticancer drugs and sensitize MDR cells.
TPGS is an excellent surfactant used in pharmaceutical

formulations as an absorption enhancer, emulsifier, drug
solubilizer, stabilizer, and as a component material for
construction of the nanocarriers.19 Modification of polymeric
nanoparticles with TPGS can improve drug encapsulation
efficiency, promote cellular uptake of anticancer drugs, extend
blood circulation time, and enhance the bioavailability of
anticancer drugs.20−22 Furthermore, TPGS could serve as an
inhibitor of P-glycoprotein for oral drug delivery as well as for
overcoming MDR.23−25 TPGS can also be utilized to form
micelles for application in anticancer drug delivery. Muthu M.
S. et al. constructed docetaxel-loaded TPGS micelles for glioma
chemotherapy. For this purpose, they made use of PEG because
of its long circulation half-life and vitamin E because of its
efficient uptake by cells.26 The results demonstrated that
docetaxel-loaded TPGS micelles at different loading levels had
lower IC50 values compared to Taxotere after incubation for 24
h with C6 glioma cells. Although TPGS possesses micellar
properties, some characters limit its further application as drug
carrier. The relatively high CMC value (0.2 mg/mL) of TPGS
suggests that the TPGS micelles could dissociate readily in
plasma.27 Meanwhile, the PEG 1000 chain of TPGS is not
sufficiently long to ensure prolonged circulation of micelles in
vivo.28 In this work, the d-α-tocopheryl polyethylene glycol
2000 succinate (TPGS 2K) was synthesized through reaction
between d-α-tocopheryl succinate and methoxy poly(ethylene
glycol) 2000-amine (MPEG2000-NH2). The lipophilic struc-
ture of vitamin esuccinate is retained in the structure of TPGS
2K. The hydrophilic head of PEG 2000 ensures the formed
micelles to minimize nonspecific phagocytic uptake and thus
extend blood circulation time. The TPGS 2K micelles were
prepared for anticancer drug delivery with doxorubicin (DOX)
as a model drug. A systematic evaluation of the antitumor
efficacy, and reversing MDR mechanisms of the DOX-loaded
TPGS 2K micelles was performed at the cellular and animal
levels. Such micelles were proved to formulate DOX effectively,
overcome MDR, and induce an improved anticancer efficacy as
expected.

2. MATERIALS AND METHODS
2.1. Materials. DOX·HCl was supplied by HuaFeng United

Technology Co. Ltd. (Beijing, China). Methoxypolyethylene glycol
amine 2000 was purchased from Seebio Biochemical, Inc. (Shanghai,
China). Pyrene and Hoechst 33342 were obtained from Sigma (St.
Louis, MO). Vitamin E succinate was purchased from Yuancheng
Gongchuang Technology Co. Ltd. (Wuhan, China). 1-(3-
(Dimethylamino)propyl)-3- ethylcarbodiimide hydrochloride (EDC·
HCl) and N-hydroxysuccinimide (NHS) were obtained from GL
Biochem. Co. Ltd. (Shanghai, China). MCF-7 and MCF-7/ADR cells
were supplied by American Type Culture Collection (ATCC,
Rockville, MD). Tetrahydrofuran (THF), dichloromethane (DCM),
methanol, and acetone were obtained from Bodi Drug Manufacturing
Co. Ltd. (Tianjin, China).
2.2. Synthesis of TPGS 2K. VES, NHS, and EDC·HCl were

dissolved in 10 mL anhydrous DCM with the molar ratio of 1:1.2:1.2.
The mixture was stirred at room temperature for 4 h to preactivate the
carboxyl group of VES. Then, weighted amount of methoxypoly-
ethylene glycol amine 2000 was added into the above solution under
stirring at room temperature. The reaction was continued for 48 h
under a nitrogen atmosphere. After reaction, the reacted product was

precipitated in excess cold diethyl ether to remove the excess VES.
The precipitate was dissolved in DMSO and then dialyzed against
water for 72 h through a dialysis bag of MWCO 1000 Da. The final
TPGS 2K conjugate was then obtained by lyophilization as a white
powder.

2.3. Characterization of TPGS 2K. The compositions of TPGS
and TPGS 2K were confirmed by 1H NMR in CDCl3 at 300 Hz
(Bruker ARX-300, Germany). Meanwhile, FT-IR spectra (Bruker IFS-
55 spectrometer, Switzerland) in the range of the 4000 to 400 cm−1

region were obtained for TPGS and TPGS 2K samples.
2.4. Measurement of the Critical Micellar Concentration

(CMC). The CMC value of TPGS 2K conjugate was determined by
the pyrene-based fluorescence probe technique. Briefly, 0.5 mL of 6.0
× 10−7 mol/L solution of pyrene in acetone was added individually to
10 mL volumetric flasks. The acetone was left to evaporate under a
nitrogen stream to form a pyrene film in the volumetric flask. After
that, a series of aqueous TPGS 2K solutions (1 × 10−4 mg/mL to 0.1
mg/mL) were mixed with pyrene on a shaker at 37 °C for 24 h to
reach a final pyrene concentration of 3.0 × 10−8 mol/L. The
fluorescence spectra were recorded using a fluorescence spectropho-
tometer (F-2500, Hitachi, Japan). The change of the intensity ratio
(I338/I334) of pyrene versus log polymer TPGS 2K concentration was
plotted from excitation spectra from 300 to 350 nm at an emission
wavelength of 397 nm. The CMC value was calculated from the cross-
point of two straight lines fitted through the points of the flat and
remarkably increasing region, respectively.

2.5. Preparation of Drug-Loaded TPGS 2K Micelles. DOX-
loaded TPGS 2K micelles were prepared by thin-film hydration
method. First, DOX·HCl was stirred with 5 mol equiv of triethylamine
in methanol overnight to form the DOX base. Then a total of 20 mg
TPGS 2K and a given amount of DOX were dissolved in 10 mL THF.
The solvent was evaporated by rotary evaporation at 60 °C for 1 h to
obtain a thin film, which was hydrated in 2 mL of water at 60 °C for 30
min. The resultant micelle solution was filtered through a 0.22 μm
filter to remove the nonencapsulated DOX aggregates. For DiR-loaded
TPGS 2K micelles, they were prepared with a similar procedure.

2.6. Particle Size, Size Distribution, and Zeta Potential
Analysis. The particle size, size distribution, and zeta potential of
micelles were analyzed by a Nano-2S90 Zeta Sizer (Malvern
Instruments, U.K.). The measurements were performed in triplicate.

2.7. Transmission Electron Microscopy (TEM). The sample was
prepared by administering one drop of DOX-loaded TPGS 2K
micellar solution onto a copper grid and then negatively stained with
2.0% (w/v) phosphotungstic acid. After air-drying for 30 min, the
morphology of the sample was observed using a transmission electron
microscope (Jeol JEM-2000EX, Tokyo, Japan).

2.8. Drug Loading Content and Entrapment Efficiency. To
measure DOX loading content (DL%) and entrapment efficiency (EE
%), the DOX-loaded micellar solution was destroyed by adding an
appropriate volume of DMSO and then assayed by a UV−vis
spectrophotometer at 481 nm. The unloaded DOX was separated
using 10000 MWCO ultrafiltration membrane (Millipore, Billerica,
MA) followed by determining the absorbance at 481 nm as described
above. The DL% and EE% were calculated by the following equation,
respectively.29

= ×DL%
weight of the drug in micelles

total weight of the loaded drug and polymer
100%

= ×EE%
weight of the drug in micelles

weight of the feeding drug
100%

2.9. In Vitro Drug Release. In vitro release profiles of DOX from
TPGS 2K micelles were performed as follows: 2 mL of DOX micellar
solution was transferred to a dialysis bag (MWCO 3500 Da), and
dialyzed against 25 mL of PBS (pH 5.0 and 7.4) at 37 °C under
horizontal shaking at 100 rpm. Periodically, 3 mL aliquots were
withdrawn and replaced by 3 mL fresh PBS. The released DOX
content was analyzed by UV−vis spectrometry at 481 nm. The results
are presented as mean ± SD obtained from 3 samples.
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2.10. Assay of P-gp ATPase Activity. The modulation of P-gp
ATPase activity by TPGS 2K or TPGS was analyzed using the P-gp-
Glo assay system (Promega). Briefly, test samples containing
verapamil (50 μM) and polymer (TPGS or TPGS 2K, final
concentrations at 10, 20, 50, and 100 μM, respectively) or Na3VO4

were added to 96-well plates and incubated with recombinant human
P-gp membrane for 5 min at 37 °C. MgATP was then added into the
above samples, followed by incubation at 37 °C for 40 min to initiate
the reaction. Thereafter, the resultant samples were mixed with ATP
detection reagent and then incubated for 20 min at room temperature
to develop the luminescence. Finally, the luminescence was measured
by a multifunctional microplate reader (Tecan, Austria). The changes
of relative light unit (ΔRLU) were calculated by comparing the
mixture of polymer and verapamil-treated samples with the Na3VO4-
treated samples.
2.11. Assay of Mitochondrial Membrane Potential.Mitochon-

drial membrane potential was measured using a JC-1 Apoptosis
Detection Kit (Beyotime, Nantong, China). MCF-7/ADR cells were
seeded in 12-well plates (2 × 105 cells/well) and incubated overnight.
Then the cells were incubated in fresh culture medium containing
TPGS or TPGS 2K (50 μM) for 3 h. Subsequently, the cells were
trypsinized, rinsed twice with cold PBS, and resuspended in a 500 μL
JC-1 working solution for 20 min. All samples were then rinsed twice
with 1× incubation buffer and immediately analyzed using a
multifunctional microplate reader (Tecan, Austria) to detect green
fluorescence at excitation/emission wavelengths of 490/530 nm and
red fluorescence at excitation/emission wavelengths of 525/590 nm.
The obtained values were expressed as an average JC-1 red/green
signal intensity ratio (n = 3).
2.12. Intracellular ATP Level Assay. MCF-7/ADR cells were

seeded in 12-well plates (2 × 105 cells/well) and grown for 24 h to
allow cell attachment. Following treatment with 50 μM TPGS or
TPGS 2K solution for 3 h, the cells were rinsed twice with PBS and
solubilized in an ATP lysis buffer. The kit based on the luciferin/
luciferase assay (Beyotime, Nantong, China) was used for determining
the ATP level in cell lysate. The luminescence was measured by the
multifunctional microplate reader (Tecan, Austria). ATP concen-
trations were calculated by an ATP standard calibration curve and
normalized by protein content in each sample determined by a BCA
kit (Beyotime, Nantong, China).

2.13. MTT Assay.MCF-7 or MCF-7/ADR cells were seeded in 96-
well plates in 100 μL of medium to obtain a concentration of 10000
cells per well, followed by an incubation for 24 h. The cells were then
treated with free DOX solution, DOX-loaded TPGS 2K micelles, or
blank TPGS 2K micelles diluted with culture medium to various
concentrations for 24, 48, and 72 h at 37 °C. Then cytotoxicity was
assessed using the MTT method. The formed MTT-formazan crystals
were dissolved in DMSO, followed by measuring the absorbance at
570 nm. The cell viability (%) was calculated based on optical density
values of sample wells versus reference wells containing only cell
culture media.

2.14. Cellular Uptake Studies. MCF-7 and MCF-7/ADR cells
were seeded onto glass coverslips placed in 6-well culture plates (3 ×
105 cells/well) and incubated for 24 h. DOX-loaded TPGS 2K micelles
or DOX solution in 2 mL of PBS were added to each well (DOX
concentration: 10 μg/mL). After incubation for 1 and 4 h, the cells
were rinsed with cold PBS for three times and then stained with
Hoechst 33342 for 10 min. The cells were further washed twice with
cold PBS and fixed by 4% formaldehyde for 20 min. The coverslips
were further washed twice with cold PBS. Fluorescence images of cells
were observed using a confocal microscope (CLSM, Zeiss LSM 710,
Carl Zeiss, Germany).

For quantitative analysis, the intensity of DOX fluorescence on
cellular uptake was determined using a FACS Calibur flow cytometer
(Becton Dickinson, San Jose, CA). The cells were harvested using
trypsin-EDTA, then washed and resuspended in PBS. For each sample,
a minimum of 10000 cells were collected and then analyzed using Cell
Quest software.

2.15. In Vivo Imaging. MCF-7/ADR cells (1 × 107 cells cells/
each mouse) were subcutaneously injected into the flanks of female
BALB/c nude mice (18−20 g) for constructing the tumor-bearing
mice. 0.2 mL of DiR-loaded TPGS 2K micelles was intravenously
injected through a tail vein. The whole body fluorescence imaging of
nude mice bearing the MCF-7/ADR tumor was carried out using an
IVIS Lumina II Imaging System (Caliper Life Sciences, Hopkinton,
MA) at the time points of 1, 2, 4, 8, 12, 24, and 48 h post injection
with the excitation wavelength of 745 nm. After 48 h, the nude mice
were sacrificed, and the major organs and tumors were isolated from
the animals for ex vivo fluorescence imaging.

2.16. In Vivo Antitumor Effect. MCF-7/ADR cells were
introduced to female BALB/c nude mice as described above. The

Figure 1. (A) The synthesis scheme of TPGS 2K conjugate. (B) Schematic illustration of DOX-loaded TPGS 2K micelles. (C) TEM image of the
DOX-loaded TPGS 2K micelles.
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tumors were allowed to grow to around 100 mm3 before the
experiment. The mice were randomly assigned to three groups (n = 5)
and injected intravenously once 3 days with saline, DOX solution, and
DOX-loaded TPGS 2K micelles at a dose of 10 mg DOX/kg. Tumor
volume and body weight were monitored every 2 days over a period of
13 days. At the end of the experiment, all treatment and control nude
mice were executed and the tumors were harvested and weighed. The
heart tissues were also collected, fixed in 4% formaldehyde for
histological examination. The tumor inhibition rate (TIR) was
calculated by the following formula:

= − ×W W WTIR(%) [( )/ ] 100%c d c

where Wc is the average tumor weight after the treatment with saline
and Wd is that after treatment with the drug.
2.17. Statistical Analysis. Data were presented as mean ± SD.

Statistical comparisons were determined by the analysis of variance
(ANOVA) among ≥3 groups or Student’s t test between 2 groups. P
values less than 0.05 were considered to be statistically significant.

3. RESULTS AND DISCUSSIONS
3.1. Synthesis and Characterization. TPGS 2K con-

jugate was synthesized via an amidation reaction at room

temperature (Figure 1A). The chemical structure of TPGS 2K
were characterized by 1H NMR in CDCl3. The characteristic
signals of TPGS 2K were similar to that of TPGS (Figure 2).
Peak a at 3.38 ppm and peak b at 3.65 ppm were assigned to
−OCH3 protons and −OCH2CH2O− protons of the MPEG
segment, respectively; peak c at 6.42 ppm was ascribed to the
amide proton (−NH−CO−) from the amidation reaction;
peak f at 0.86 ppm was for the −CH3 protons of the long-chain
alkyl group of TPGS 2K. The peaks in the aliphatic region
(signal at 2.58 ppm; signals at 2.08−1.96 ppm; signal at 1.78
ppm; signal at 1.26 ppm) were assigned to various moieties of
the vitamin E tail of TPGS 2K.
The FT-IR spectra of TPGS and TPGS 2K conjugate are

shown in Figure S1. The spectrum of TPGS showed
characteristic peaks at 2888.2 (C−H stretching band), 1737.5
(ester CO stretching band), and 1114.7 cm−1 (C−O−C
stretching band). For the synthesized TPGS 2K conjugate, the
ester CO stretching band was decreased in intensity and
shifted to 1751.8 cm−1. The obvious amide CO stretching
band appeared at 1650.1 cm−1, indicating the existence of
amide linkage in the structure of TPGS 2K conjugate.

Figure 2. Typical 1H NMR spectra of (A) TPGS and (B) TPGS 2K.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04995
ACS Appl. Mater. Interfaces 2015, 7, 18064−18075

18067

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04995/suppl_file/am5b04995_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04995


3.2. CMC Determination. The synthesized TPGS 2K
conjugates could be self-assembled in aqueous solution to form
nanomicelles (Figure 1B). The CMC value of the TPGS 2K
conjugate was obtained by fluorescent determination using
pyrene as a probe. Figure S2 showed a typical plot of intensity
ratio I338/I334 versus lg(C) of TPGS 2K. The CMC value of
TPGS 2K calculated from the plot was 1.78 μg/mL. The
calculated CMC value was significantly lower than that of
TPGS (0.2 mg/mL) as reported in ref 27. It suggests that the
TPGS 2K micelles have better physical integrity and dilution
stability after intravenously injected into the bloodstream for
systemic circulation compared with TPGS micelles.
3.3. Preparation and Characterization of TPGS 2K

Micelles. The drug encapsulation efficiency and drug loading
content of DOX-loaded TPGS 2K micelles were measured to
be 85.22% and 9.62%, respectively, indicating the good
compatibility between DOX and the hydrophobic inner core
of TPGS 2K micelles (Table 1). This result is satisfactory for
constructing an efficient DOX delivery system. The trans-
mission electron microscopy (TEM) image showed that the
micelles were generally spherical in shape with good
monodispersity (Figure 1C). The mean hydrodynamic
diameter of blank and DOX-loaded TPGS 2K micelles
measured by dynamic light scattering were 15.4 and 23.4 nm,
respectively (Table 1). The DOX molecules trapped into the
TPGS 2K micelles led to an increase in micellar size. The mean
hydrodynamic size of drug-loaded TPGS 2K micelles is in the
desired size range for accumulating in tumor vasculature
through the EPR effect.30−33 The zeta potentials were near
neutral for both blank and DOX-loaded TPGS 2K micelles
(1.37 ± 0.20 and 4.31 ± 0.73 mV) due to the shielding effect of
the neutrally charged PEG shell.34

3.4. In Vitro Drug Release. In vitro drug release profiles
from DOX-loaded TPGS 2K micelles were evaluated at a
physiological pH (7.4) and a lysosomal pH (5.0) at 37 °C
(Figure 3). The DOX-loaded TPGS 2K micelles displayed
biphasic drug release profiles under different pH conditions
with an initial fast release phase followed by a controlled release

phase. Meanwhile, the DOX release from TPGS 2K micelles
was pH-dependent. At 12 h, the cumulative drug release of
TPGS 2K micelles at pH 5.0 (41.60 ± 1.90%) was higher than
that at pH 7.4 (27.58 ± 1.89%) (p < 0.01). In the following 12
h, the cumulative release percent reached 47.20 ± 1.27% (at pH
5.0) and 28.28 ± 2.11% (at pH 7.4), respectively (p < 0.01).
The DOX release from TPGS 2K micelles was slow at normal
physiological pH (pH 7.4) and accelerated at lysosomal pH
(5.0). This result may be ascribed to the protonation of DOX at
acidic condition and the acid-catalyzed cleavage of the
azomethine bond in DOX−DOX. Such a pH-dependent
release characteristic may be beneficial to ensure the intra-
cellular DOX release due to a decreased pH in the
endolysosomes within tumor cells.35

3.5. Inhibition of P-gp ATPase. The Pgp-Glo system
(Promega) was used to detect the effects of compounds on
recombinant human P-gp in a cell membrane fraction. Na3VO4
enclosed in the assay kit is a selective inhibitor of P-gp, and
samples treated with Na3VO4 exhibit no P-gp ATPase activity.
Additionally, verapamil enclosed in the assay kit is a P-gp
substrate which stimulates P-gp ATPase activity (consuming
ATP). Decrease in the consumption of ATP (ΔRLU)
represents the decrease of activity of ATPase and the inhibition
of P-gp.36 The assay relies on the ATP dependence of the light-
generating reaction of firefly luciferase. Both TPGS and TPGS
2K significantly inhibited the verapamil-stimulated P-gp
ATPase activity in a concentration-dependent manner. Lower
ΔRLU was achieved by higher copolymer concentration.
Verapamil-stimulated ATPase activity with TPGS 2K inhibition
is comparable to TPGS at every of the designed copolymer
concentrations except the one at 100 μM (Figure 4). This
result was basically in accordance with the published work.37

The P-gp-mediated drug efflux is dependent on drug substrate
interaction with P-gp and ATP hydrolysis by P-gp ATPase.38

Table 1. Characterization of Blank TPGS 2K Micelles and DOX-Loaded TPGS 2K Micelles

micelles DL (%) EE (%) particle size (nm) polydispersity zeta potential (mv)

blank micelles N/A N/A 15.4 ± 2.2 0.124 ± 0.011 1.37 ± 0.20
DOX-loaded micelles 9.62 ± 0.19 85.22 ± 1.89 23.4 ± 1.7 0.309 ± 0.016 4.31 ± 0.73

Figure 3. In vitro release profiles of DOX-loaded TPGS 2K micelles in
PBS (pH 7.4 and 5.0) at 37 °C.

Figure 4. Inhibitory effect of TPGS 2K or TPGS on verapamil-
stimulated P-gp ATPase activity. Verapamil (50 μM) was used alone as
a positive control.
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Thus, inhibiting ATPase represents a universal intervention/
regulation point for reversing MDR. TPGS and its analogues
seem not to be a competitive inhibitor or a P-gp substrate as
described in ref 36. So far, the widely accepted mechanisms of
TPGS and its analogues actions are mainly based on the
inhibition of P-gp after substrate-stimulated ATPase activation.
TPGS and its analogues may limit the effectiveness of P-gp
ATPase to hydrolyze ATP by blocking substrate binding, or
binding to the ATPase-substrate complex, or P-gp allosteric
modulation.39,40 Put together, the ATPase assay data suggest
that the inhibition of verapamil-stimulated ATPase activity
induced by TPGS 2k plays a vital role in lowering the P-gp
efflux liability. This inhibition can enhance the cellular uptake
of the DOX-loaded TPGS 2K micelles to reverse P-gp-
mediated MDR.
3.6. Determination of Mitochondrial Membrane

Potential (MMP) and ATP Level. The effects of TPGS 2K
or TPGS on the MMP and intracellular ATP level of MCF-7/
ADR cells were investigated (Figure 5). The MMP was

determined by using a membrane permeable dye JC-1, which
can selectively enter the mitochondria and change its
fluorescent characters based on the aggregation form.41 In
present research, the mitochondrial depolarization (nonfunc-
tional mitochondria) was monitored by measuring the decrease
of the red/green fluorescence intensity ratio after incubation of
MCF-7/ADR cells with TPGS or TPGS 2K (50 μM) for 3 h.
The MCF-7/ADR cells treated with blank medium were used
as the control. TPGS induced a significant decrease in the JC-1
red/green fluorescence intensity ratio to 62.06% compared with
control group (p < 0.01), whereas no significant change in red/
green fluorescence intensity ratio was observed for MCF-7/
ADR cells treated with TPGS 2K (p > 0.05). The intracellular
ATP level was then analyzed with luciferin/luciferase assay so
as to further evaluate the influence of TPGS 2K or TPGS on
the energy metabolism of MCF-7/ADR cells.42 The MCF-7/
ADR cells treated with blank medium were used as the control,
and the ATP level was normalized as 100%. The TPGS resulted
in a significant decrease in the intracellular ATP level to 79.15%
of the control group (p < 0.01). In contrast, the ATP level
(107.68%) of the MDR cells treated with the TPGS 2K was
comparable to that of the control group (P > 0.05). These
results on the intracellular ATP level assay were consistent with
the mitochondrial membrane potential assay. The change in

MMP was correlated with intracellular ATP depletion in MCF-
7/ADR cells treated with TPGS or TPGS 2K. The MMP
decrease and cellular ATP depletion induced by TPGS could be
ascribed to the specific interaction of TPGS with mitochondrial
organelles.43 It was reported that VES and some VES analogs
could interfere with the ubiquinone-binding sites of mitochon-
drial complex II in the respiratory chain. This effect destabilizes
the mitochondrial membrane and thus destroys the energy
supply of mitochondria.28,44,45 However, in the present study,
the TPGS 2K (at a concentration of 50 μM) did not induce
significant changes on the MMP and intracellular ATP level.
This may be due to the existence of longer PEG 2000 chain
compared with TPGS. The difference of PEG chain length
greatly influences the molecular physicochemical properties,
such as size, molecular surface area, and polarity.46,47 Such
influence may be relevant to the effects of PEG-derivatized VES
on modulating the MMP and intracellular ATP level in MCF-
7/ADR cells. The definite mechanisms need further inves-
tigation.

3.7. Cytotoxicity Test. The cytotoxicity of free DOX
solution, DOX-loaded TPGS 2K micelles, and corresponding
blank micelles were assessed in MCF-7 and MCF-7/ADR cells
using a MTT method (Figure 6). Blank TPGS 2K micelles
showed certain cytotoxicity against MCF-7 and MCF-7/ADR
cells (especially for MCF-7 cells) with the increase of polymeric
concentration and incubation time. This result was consistent
with that previously reported.28 It may be ascribed to the
unique apoptosis-inducing properties of VES or some VES
analogs via the generation of reactive oxygen species (ROS) in
tumor cells.44,48,49 Free DOX solution showed significant cell
cytotoxicity dependent on the drug concentration and the
incubation time against MCF-7 cells. However, negligible
cytotoxicity against MCF-7/ADR cells was observed for free
DOX solution at 2.5−40 μg/mL after 24, 48, and 72 h
incubation due to P-gp-mediated drug efflux.25 In contrast, the
cytotoxicity of the DOX-loaded TPGS 2K micelles was
concentration- and incubation time-dependent in both MCF-
7 and MCF-7/ADR cells. The DOX-loaded TPGS 2K micelles
displayed higher therapeutic potency against MCF-7/ADR cells
compared with free DOX solution.
IC50 values for all the DOX formulations were further

calculated from the cytotoxicity data on MCF-7 and MCF-7/
ADR cells (Table 2). The IC50 value of free DOX solution for
MCF-7 cells was 2.92, 3.34, and 1.44-fold effective than that of
DOX-loaded TPGS 2K micelles after 24, 48, 72 h treatment,
respectively. It is seen that the free DOX solution showed
advantages in achieving lower MCF-7 cell viability over the
DOX-loaded TPGS 2K micelles. For MCF-7/ADR cells, the
free DOX solution did not display apparent cytotoxicity at any
of the designed drug concentrations and the incubation periods.
In contrast, DOX-loaded TPGS 2K micelles induced significant
cytotoxicity in MCF-7/ADR cells in a concentration-dependent
tendency, and the IC50 values were 14.14, 8.78, and 5.77 μg/
mL at 24, 48, and 72 h, respectively. Possible explanations for
the above results are as follows. Polymeric micelles seem to
provide a useful option for overcoming MDR by bypassing Pgp
via endocytosis. This effect would aim in increasing the cellular
DOX accumulation to exert stronger cytotoxic effect on MCF-
7/ADR cells compared with free DOX solution. Furthermore,
P-gp function inhibition also plays an important role in the
cytotoxicity exhibited by DOX-loaded TPGS 2K micelles.
TPGS 2K polymer can inhibit Verapamil-induced P-gp ATPase
activity in a concentration-dependent manner, thereby further

Figure 5. Effects of TPGS 2K or TPGS on the mitochondrial
membrane potential and intracellular ATP level of MCF-7/ADR cells.
Statistical significance: ** indicates p < 0.01.
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promoting the cellular concentration of DOX to reverse P-gp-
mediated MDR.
3.8. Cellular Uptake. Figure 7 shows the confocal laser

scanning microscopy (CLSM) images of MCF-7 and MCF-7/
ADR cells after 1 and 4 h treatment with DOX-loaded TPGS
2K micelles and free DOX solution at 10 μg/mL drug
concentration. The cellular uptake of free DOX solution and
DOX-loaded TPGS 2K micelles was time-dependent in MCF-7
cells (Figure 7A). After 1 h incubation, the DOX-loaded TPGS
2K micelles displayed stronger red fluorescence compared with
free DOX solution. After 4 h incubation, the red fluorescence of
free DOX solution was mainly distributed in nucleus. As for
DOX-loaded TPGS 2K micelles, the red fluorescence was
observed in both cytoplasm and nucleus. Both the unencapsu-
lated DOX and the release of DOX from micelles during the
incubation period contributed to the red fluorescence in the

nucleus. Comparing with free DOX solution, MCF-7/ADR
cells exposed to DOX-loaded TPGS 2K micelles exhibited
much stronger red fluorescence in the cytoplasm around the
nucleus in MCF-7/ADR cells after both 1 and 4 h incubation
(Figure 7B). The results suggest that the encapsulation of DOX
in micelles based on TPGS 2K conjugates could improve its
accumulation in MCF-7/ADR cells and lead to an increase in
therapeutic potency.
The cellular uptake of DOX-loaded TPGS 2K micelles (10

μg/mL drug concentration) by MCF-7 and MCF-7/ADR cells
was further evaluated by flow cytometry and compared with
free DOX solution (Figure 8). In MCF-7 cells, the DOX-loaded
TPGS 2K micelles led to 1.72 and 1.11-fold higher cellular
uptake compared with the free DOX solution after 1 and 4 h
incubation, respectively (Figure 8A). As for MCF-7/ADR cells,
the DOX encapsulation in TPGS 2K micelles led to 4.10- and
3.58-fold higher cellular uptake compared with the free DOX
solution after 1 and 4 h incubation, respectively (Figure 8B).
These results were consistent with the CLSM observation. It is
reasonable that the endocytosis of DOX-loaded TPGS 2K
micelles could result in a higher cellular uptake by bypassing P-
gp-mediated efflux of MCF-7/ADR cells. Furthermore, as a
nonionic surfactant derived from TPGS, TPGS 2K conjugates
themselves have the ability to reverse MDR mediated by P-gp.
It is helpful to further promote the DOX uptake in MCF-7/
ADR cells. These results were consistent with the cytotoxicity
assay.

3.9. In Vivo Imaging. The nude mice bearing MCF-7/
ADR tumors were intravenously injected with the DiR-loaded

Figure 6. In vitro cytotoxicity of free DOX solution, DOX-loaded TPGS 2K micelles, and corresponding blank micelles against (A) MCF-7 and (B)
MCF-7/ADR cancer cells after treatment for 24, 48, and 72 h.

Table 2. IC50 for Free DOX Solution and DOX-Loaded
TPGS 2K Micelles to Inhibit Growth of MCF-7 and MCF-7/
ADR Cells after 24, 48, and 72 h Incubation

IC50 (μg/mL)

time
(h) MCF-7 cells MCF-7/ADR cells

DOX
solution

TPGS 2K
micelles

DOX
solution

TPGS 2K
micelles

24 1.69 4.93 N/A 14.14
48 0.32 1.07 N/A 8.78
72 0.25 0.36 N/A 5.77

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04995
ACS Appl. Mater. Interfaces 2015, 7, 18064−18075

18070

http://dx.doi.org/10.1021/acsami.5b04995


Figure 7. CLSM images of DOX-loaded TPGS 2K micelles and free DOX solution in (A) MCF-7 and (B) MCF-7/ADR cells after 1 and 4 h
incubation. Blue and red colors indicate Hoechst 33342 and DOX, respectively (scale bar: 10 μm).

Figure 8. Flow cytometry measurement of the intracellular uptake of DOX in (A) MCF-7 and (B) MCF-7/ADR cells treated with DOX-loaded
TPGS 2K micelles and free DOX solution. Statistical significance: * indicates p < 0.05; ** indicates p < 0.01.
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TPGS 2K micelles and observed using an optical image system.
The live near-infrared fluorescent imaging of micelles in the live
mice was monitored at 1, 2, 4, 8, 12, 24, and 48 h after
intravenous injection (Figure 9). The DiR-loaded TPGS 2K
micelles exhibited a significant fluorescence accumulation in the
tumor site at 4 h after intravenous injection. The intense
fluorescence signals were retained even 48 h following
injection. The TPGS 2K micelles showed preferable distribu-
tion and slow elimination in the tumor region during the
imaging period. The nanosize (<50 nm) of TPGS 2K micelles
contributed for high fluorescence accumulation in the tumor
site upon the EPR effect. The major organs (liver, heart, spleen,
lung, and kidney) and tumor tissues were excised, and the ex
vivo images (Figure 9) were further studied. No obvious
fluorescence signals were observed in the heart, lung. and
kidney tissues at 48 h after intravenous injection. The DiR-
loaded TPGS 2K micelles were mainly accumulated in the
tumor, liver, and spleen tissues. The relatively high fluorescent
signals in spleen and liver may be due to the nonspecific
capture by the reticuloendothelial system (RES).50,51 In
general, the TPGS 2K micelles demonstrated excellent passive

targeting capacity to improve the accumulation of encapsulated
cargo in the tumor region.

3.10. In Vivo Antitumor Effect. The in vivo antitumor
efficacy of DOX-loaded TPGS 2K micelles and DOX solution
was examined on nude mice bearing MCF-7/ADR tumor. At
the experimental terminal after 13 days, the tumor volume was
84.87% (DOX solution group) and 40.80% (DOX-loaded
micelles group) of control group, respectively (Figure 10B).
Growth of tumor in nude mice treated with the DOX-loaded
TPGS 2K micelles significantly slowed down compared with
DOX solution group (P < 0.01) and saline group (P < 0.01).
The DOX-loaded TPGS 2K micelles demonstrated better
antitumor efficacy in inhibiting the tumor growth compared to
the DOX solution. The tumor inhibition rate (TIR) was
evaluated in terms of tumor weight (Figure 10C). The DOX
solution and DOX-loaded TPGS 2K micelles exhibited tumor
inhibiting capacity of 21.04% and 64.56% TIR, respectively.
TPGS 2K micelles demonstrated better antitumor efficacy on
MCF-7/ADR tumor xenografts compared with DOX solution.
The in vivo antitumor results were consistent with the MDR
reversal effects observed in the MTT assay and cellular uptake
test. The body weight change was recorded simultaneously to

Figure 9. (A) In vivo imaging of MCF-7/ADR tumor-bearing nude mice injected with DiR-loaded TPGS 2K micelles at 2, 4, 6, 8, 10, 12, 24, and 48
h postinjection, respectively. (B) Ex vivo imaging of DiR-loaded TPGS 2K micelles in heart, liver, spleen, lung, kidney, and tumor of the nude mice
bearing a MCF-7/ADR tumor at 48 h postinjection, respectively.
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examine systemic toxicity (Figure 10A). Nude mice treated
with DOX solution demonstrated 24.60% loss of initial weight
with bad physical condition. In contrast, DOX-loaded TPGS
2K micelles caused a slight body weight loss compared to the
saline group, indicating that DOX encapsulated in TPGS 2K
micelles could decrease the systemic toxicity of DOX.
The heart and tumor issues were isolated from the tested

mice and sectioned for pathology analysis (Figure 10D). DOX
solution treated group exhibited severe cardiac tissue
degeneration, necrosis of the muscle fibers, and cytoplasmic
vacuolization. In contrast, there was no evidence of
cardiotoxicity after DOX-loaded TPGS 2K micelles therapy
compared to the saline group. The cardiotoxicity was
significantly inhibited when DOX molecules were delivered
by TPGS 2K micelles. To further evaluate the antitumor effect
of DOX-loaded TPGS 2K micelles, the histopathology of the
tumor from each group was also observed by H&E staining. In
the saline group, the spherical or spindle-shaped tumor cells
were polykaryocytes with large irregular nuclei and rich
chromatin due to a rapid tumor growth. As for treatment
groups, DOX-loaded TPGS 2K micelles resulted in more severe
spotty necrosis with less cancer cells in the H&E stained tumor
section compared to that under DOX solution treatment. This
result revealed that the DOX-loaded TPGS 2K micelles were
more effective than DOX solution in inhibiting the growth of
MCF-7/ADR tumor xenografts in nude mice.

4. CONCLUSIONS

In summary, TPGS 2K conjugate, a TPGS analogue, was
synthesized and applied as a micellar system formulating DOX
for overcoming MDR. TPGS 2K conjugate exhibited an
insignificant influence on the reduction of MMP and the
depletion of intracellular ATP level of MCF-7/ADR cells but
had evident effect on the inhibition of P-gp ATPase activity.
The DOX-loaded TPGS 2K micelles demonstrated more
efficient cellular uptake and higher cytotoxicity to inhibit the
growth of MCF-7/ADR cells compared with DOX solution. In
the in vivo distribution study using living imaging, the DiR-
loaded TPGS 2K micelles exhibited excellent passive targeting
capacity to improve the accumulation of encapsulated cargo in
the tumor region. In the in vivo antitumor effect test, DOX-
loaded TPGS 2K micelles significantly inhibited the growth of
the MCF-7/ADR tumor and notably reduced the cardiotoxicity
of DOX compared to DOX solution. Taken together, the
amphiphilic TPGS 2k conjugate provides a promising
polymeric material as a DOX-delivery vehicle to overcome
MDR in cancer therapeutics.
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Figure 10. (A) Body weight changes of MCF-7/ADR tumor-bearing nude mice after intravenous injection of saline, DOX solution, and DOX-loaded
TPGS 2K micelles. (B) Changes of tumor volume after treatment with saline, DOX solution, and DOX-loaded TPGS 2K micelles in tumor-bearing
nude mice. (C) The weights of excised tumors from MCF-7/ADR tumor-bearing mice at the time of sacrifice. (D) Images of H&E-stained heart and
tumor sections harvested from the mice after treatment with saline, DOX solution, and DOX-loaded TPGS 2K micelles. Statistical significance: **
indicates p < 0.01.
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